The purpose of this study was to examine the relationship between the DNA intercalating characteristics and the DNA damaging capacity of four alkaloids extracted from Chelidonium majus L, as well as their toxicity towards murine NK/Ly lymphoma cells. Chelerythrine, sanguinarine and coptisine were found to be intercalated into the DNA isolated from NK/Ly cells, meanwhile, chelidonine exhibited no affinity to DNA. Sanguinarine exhibited the greatest toxicity toward NK/Ly cells, and the toxicity of the other three decreased in descending order: chelerythrine, coptisine and chelidonine. Chelerythrine and sanguinarine caused DNA damage, illustrated by the formation of comets of the third class. Coptisine was less toxic than chelerythrine and sanguinarine, and affected the formation the same class of comets in higher concentration. The quantity of comets induced by chelidonine were negligible, a finding consistent with its inability to intercalate into DNA structure. The ability of four main alkaloids of Chelidonium majus L., to intercalate into DNA isolated from murine NK/Ly lymphoma cells, correlated with their ability to induce breaks in cellular DNA and with their toxic effect towards those cells.
Introduction
Chelidonium majus L (greater celandine), a herb which is a member of the poppy family and native to Europe and Asia-and introduced to North America-is a rich source of biologically active substances used for treatment of various diseases. For many years, it was believed that this plant could remedy certain liver ailments. It was demonstrated that both alkaloid extracts and purified alkaloids from that plant exhibited distinct antiinflammatory, anti-microbial, and anti-tumor activities [6, 11, 12, 17] . Those extracts contained several di-isoquinoline alkaloids, and chelidonine, sanguinarine, chelerythrine, berberine and coptisine were shown to be the major ones. The mechanisms of biological action of specific alkaloids are still poorly understood. Chelidonine was shown to interact with tubulin in target cells and cause their mitotic arrest [18] . The molecules of chelerythrine, sanguinarine, berberine and coptisine possess a positive charge due to the presence of quaternary nitrogen, and exhibit a significant inhibitory effect on the mitochondrial respiration [2] . Sanguinarine and chelerythrine contain reactive imine groups and are capable of inhibiting the activity of enzymes and other proteins which possess the nucleophilic groups [8] . Some alkaloids of greater celandine act as protein kinase inhibitors, and block the activity of transcription factor NF-κB involved in signal transduction pathways leading to either cell proliferation or cell death [4, 27, 28] .
The capacity of specific alkaloids to bind DNA by inserting their planar molecular structures between the adjacent DNA base pairs was demonstrated [14] , although correlation between their DNA intercalating activity and specific biological effects has not been adequately demonstrated. The DNA intercalating drugs, e.g., doxorubicin, have been utilized in the chemotherapy treatment of different tumors [16] .
The purpose of this work was to examine the correlation between the cytotoxity of Chelidonium majus L. alkaloids towards murine NK/Ly lymphoma cells in vitro, and their DNA intercalating and DNA damaging capacities.
Material and methods

Cells and their culturing
Murine NK/Ly lymphoma cells were obtained from the Institute of Experimental Pathology, Oncology and Radiobiology of the National Academy of Sciences of Ukraine (Kyiv) and transplanted in mice in the ascitic form. NK/Ly cells were used in our experiments, since their testing can be carried out both in vivo and in vitro. The cells prepared from the ascitic fluid were grown in suspension in 35 mm plastic dishes (10 6 cells per dish) in RPMI-1640 culture medium (Sigma Chem. Co, USA), supplemented with 10% fetal bovine serum (Sigma Chem. Co, USA) in 5 % CO 2 -95 % air atmosphere at 37
• C and 100 % humidity. Cellular viability was evaluated in hemocytometric chamber after * E-mail: stoika@biochem.lviv.ua staining with 0.1 % trypan blue. LD 50 corresponding the concentration of alkaloid which caused death of 50 % cells in culture.
Extraction and purification of alkaloids
Chelerythrine, sanguinarine, chelidonine, and coptisine were isolated and purified from the roots of Chelidonium majus L. (greater celandine). The isolation procedure was based on the methods developed by Slavik et al. [22, 23] with several modifications. The homogeneity of the obtained crystalline alkaloids was controlled by thin-layer chromatography on silica-gel plates (Silufol, The Czech Republic), and chloroform : methanol : diethylamine (9:1:0.5), and benzene : chloroform : methanol : diethylamine (10:9:1:1), were employed as a mobile phase.
DNA isolation
NK/Ly cells were washed three times with cold (4 • C) phosphate-buffered saline (PBS) and were formed into pellets by centrifugation at 1,500 rpm for 5 min. They were resuspended in cold TE buffer (10 mM tris-HCl, 1 mM EDTA, pH 8) to a final concentration 5 × 10 7 cells per ml. Then, one volume of the cells was mixed with 10 volumes of lysis buffer (10 mM Tris (Sigma Chem. Co, USA), 100 mM EDTA (Serva), 0.5% SDS (Serva), pH 8) for 1 hour at 37
• C. Proteinase K (Merck, Germany) was added to the lysed cells in a final concentration 0.1 mg/ml and the incubation was continued for 3 hours at 56
• C.
The lysates were cooled to room temperature and DNA was precipitated by adding NaCl to a final concentration 5 % together with two volumes of cold (-20 • C) ethanol. The DNA pellet was washed in cooled 70 % ethanol. The DNA isolated from 5 × 10 7 cells was re-dissolved in 5 ml of lysis buffer and was mixed with 3 ml of the chloroform-iso-amyl alcohol (3:1) mixture. Then, centrifugation was conducted at 3,000 rpm for 20 min, the upper DNA-containing layer was carefully removed and re-suspended in 1/2 volume of the chloroform-iso-amyl alcohol (3:1) mixture. After this centrifugation was conducted again at 3,000 rpm for 20 min, and the supernatant was removed. NaCl was added to a final concentration 5 % together with two volumes of cold ethanol. The precipitated DNA was washed twice in 70 % ethanol, air-dried, and dissolved in 10 mM TE buffer (pH 7.5). The optical density (OD) of DNA solution was measured at 260 and 280 nm, and the ratio OD 260 nm/280 nm was calculated and shown to be more than 1.8 [20] .
Thermal denaturation of DNA
The DNA was diluted with 10 mM Tris-HCl buffer pH 7.5 to a final concentration 50 μg/ml. Specific alkaloids were added into DNA solution in the concentration of 8 μg/ml. The samples were heated in thermostated cuvettes of the spectrophotometer at a rate of 1
• C per min, and OD of 260 nm was registered. The melting point of DNA was determined from the graph of its thermodenaturation curve [21] .
Methyl green assay for detection of DNA intercalation
Diluted solutions of methyl green dye at pH 7.5-8.0 were found to lose slowly their color, and after several hours became colorless. In the presence of DNA, a stable complex was formed with methyl green, thereby retaining color intensity at a constant level [3, 21] . The DNA-intercalating ligands displaced the methyl green in its complex with DNA, and released the methyl green dye which had lost much of its color, verified by a measured decrease in light absorption at 630 nm.
In the assay, different quantities of tested ligand (alkaloid) were added to several aliquots of 15 μl of methyl green solution (1 mg/ml) and 1 ml of DNA solution (30 μg/ml in 10 mM phosphate buffer, pH 7.5). Two controls were employed: using methyl green in buffer alone, and including DNA without ligand along with methyl green. A reading of OD 630 was obtained initially as well as after sample incubation at 37
• C for two hours in darkness. Decreases in the OD 630 were plotted against ligand concentration, and the concentration of the ligand which caused a half maximal effect was determined.
DNA comet assay
Cells were cultured for 24 hours in the presence of different concentrations of tested agents, then were formed into pellets by centrifugation, re-suspended in PBS to a final concentration 3×10 5 cells/ml, and then were subjected to DNA comet analysis, described in [9] . Briefly, 40 μl of cell suspension were mixed with 120 μl of 1 % low melting point agarose (LMA) at a water bath temperature of 38
• C. 150 μl of the cell suspension in agarose were applied to microscopic slides and cover-slips were placed on it. After gel hardening, the cover-slips were removed and the slides were immersed in a cooled lysis buffer (0.5 M EDTA, 2 % lauroylsarcosinate, 0.3 mg/ml proteinase K, pH 7.5) for 60 min at 4
• C, and then at 37
• C for 20 h [9] . Then the slides were equilibrated by careful washing in an electrophoretic buffer (90 mM tris, 90 mM borate, 2 mM EDTA, pH 8.5) 2-3 times for 20 min. DNA comet assay under strong alkaline conditions was conducted in 300 mM NaOH, 2 mM EDTA, by employing the methods described in [15] ]. The slides were electrophoresed at 0.6 V/cm for 25 min [15] . After that, the slides were washed with distilled water, dried for 30 min at 37 • C, fixed for 10 min in a solution of 15 % (w/v) tri-chloroacetic acid, 5 % ZnSO 4 and 5 % glycerol, and then dried. The DNA comet pattern was employed, using the modified silver staining procedure described in [13] . Staining solutions were freshly prepared before each staining procedure by mixing 7 ml of solution A (0.3 % ammonium nitrate, 0.3 % silver nitrate, 0.7 % tungstosilicic acid, 0.6 % formaldehyde) with 14 ml of solution B (5 % sodium bicarbonate). After re-hydration in distilled water for 10 min, the slides were immersed into staining solution in vertical positions and developed for 25 min until a grey colour appeared. Then the slides were washed for 5 min with 1 % acetic acid, twice with distilled water, and air-dried. DNA impairment was evaluated by a visual score on a qualitative scale, ranging from 0 (no DNA damage) to 4 (extensive DNA damage, based on the length of the comet tail and on the relative proportion of DNA in the comet head and tail [10] . DNA damage was calculated in units introduced by Collins et al. [5] . A minimum of 400 cells per sample were analyzed by microscopic examination, at a magnification of 300x.
Statistical analysis
The significance of obtained data was evaluated by using standard Excel Office software, with the results presented as a mean ± SD. Comparison between different groups of data was conducted by the use of a coefficient of correlation supplied by the standard Excel Office software.
Results
We found that three of four tested alkaloids isolated from Chelidonium majus L., affected the melting temperature of DNA obtained from mice NK/Ly lymphoma cells (Fig. 1 ). Sanguinarine and chelerythrine in concentration 8 μg/ml increased the DNA melting temperature by 17.5 and 14.5
• C, respectively, while coptisine increased the melting temperature only by 3.5
• C, and chelidonine possessed very slight effect on it (Fig. 1) . Fig. 1 Effect of the greater celandine alkaloids on the melting temperature of DNA isolated from mice NK/Ly lymphoma cells. 1 -control; 2 -coptisine; 3 -chelerythrine; 4 -sanguinarine; 5 -chelidonine.
By using methyl green expelling test, it was shown that sanguinarine, chelerythrine and coptisine displaced that dye from its complex with DNA, and the first two alkaloids were much more effective than the third one, indicating that coptisine possessed the lowest affinity to DNA (Fig. 2A) . Chelidonine did not exhibit affect DNA-methyl green complex, which means that it does not possess DNA intercalating properties. On Fig. 3 , the intercalating capacities of studied alkaloids, as well as of other DNA intercalating agents (daunomycin and actinomycin D and ethacridine lactate), were compared, taking into account their concentrations which provided half maximal effects in the methyl green displacement. One can see that the DNA intercalating capacity of sanguinarine is 1.6 times higher than of chelerythrine. The last was 1.7 times a stronger DNA intercalator than daunomycin, while coptisine had approximately 13 times less affinity to DNA than chelerythrine, and showed similar results to that obtained by actinomycin D. Cell viability test based on trypan blue exclusion showed that chelerythrine and sanguinarine were the most cytotoxic, and their LD 50 for NK/Ly cells was 1.5 and 2.0 μg/ml, respectively. Coptisine demonstrated a weak cytotoxic activity, since about 80 % cells stayed alive after 24 hours incubation with 40 μg/ml of that alkaloid (Fig. 2B) . The cytotoxic action of chelidonine towards NK/Ly cells was rather weak; 92 % of the cells survived when chelidonine was used with the concentration of 100 μg/ml. Similar cytotoxic effects of the DNA intercalating alkaloids were shown with murine L1210 leukemia cells, human T cells of Jurkat, CEM, and MT-4 lines. Chelidonine was more cytotoxic towards these cell lines (data not shown).
In order to investigate the effect of studied alkaloids on the integrity of nuclear DNA, NK/Ly cells were treated for 24 hours with the different alkaloids, or with daunomycin or actinomycin D. DNA comet assays at pH 8.5 showed (Fig. 4) that chelerythrine with a concentration of 1 μg/ml induced formation of 3 % comets comparing with 1 % in a control. In concentrations 2 and 4 μg/ml, chelerytrine induced an appearance of DNA comets in 38 % and 53.5 % of NK/Ly cells, respectively, and most of them belonged to the third comet class. Daunomycin (4 μg/ml) induced a formation of DNA comets in 87 % cells of the third class. Actinomycin D was very toxic for NK/Ly cells, and with a concentration as low as 1 μg/ml, it caused the formation of DNA comets of the fourth class. On Fig. 5 , the pattern of DNA comets are shown for control (untreated) cells and for cells treated with chelerythrine, chelidonine and coptisine. Sanguinarine (final concentration 2 μg/ml) was found to be the most effective DNA damaging alkaloid, since it caused an appearance of DNA comets in approximately 45 % treated cells. The comets produced predominantly belonged to second and third classes (Fig. 6) . Coptisine, even used in high final concentrations (40 μg/ml), did not affect NK/Ly cell viability significantly, since there were few (15 %) cells with double-strand DNA breaks as revealed by the DNA comet assay (Fig. 6) . The majority of the DNA comets that appeared belonged to the second class. Consistent with our hypothesis, chelidonine (2 μg/ml) caused a formation of DNA comets in very small amount (approximately 2 %) of NK/Ly cells.
Since an amount of DNA comets detected by the comet assay at pH 8.5, was less than the number of dead cells detected by trypan blue exclusion test, we also performed the DNA comet assay at high alkaline pH, in order to detect the presence of singlestrand DNA breaks in NK/Ly cells. To characterize the total DNA damage score for the studied alkaloids, units of measure were calculated after the number of cells assigned for each DNA comet class were multiplied and all classes were added, giving a potential maximum possible score of 400 with 100 % of cells at comet class 4. DNA damage in the arbitrary units with strong alkaline pH and with moderate alkaline pH used in the DNA comet assay are summarized in Fig. 7 .
The results were consistent with the amount of DNA damage proposed by Collins et al. [5] . It was found that in all experiments with different alkaloids the number of DNA comets formed at strong alkaline pH (characterize single-strand DNA breaks) were considerably higher than at the moderate alkaline pH (characterize by double-strand DNA breaks). The level of DNA damage in the case of NK/Ly cells treated with 2 μg/ml coptisine did not differ significantly from the control (untreated cells), but it increased significantly after cell treatment with 10 μg/ml coptisine. After cell treatment with chelidonine (2 and 10 μg/ml) the level of DNA damage did not change significantly comparing with its values in control. Thus, the results of the experiments conducted on the action of celandine alkaloids, indicate that the appearance of single-strand DNA breaks is a more effective index of the induced DNA damage in NK/Ly cells-than the appearance of double-strand DNA breaks.
Discussion
A comparison of the DNA intercalating properties of the four alkaloids isolated from Chelidonium majus L (greater celandine) with their cytotoxic activity towards murine NK/Ly lymphoma cells and DNA damaging capacity was determined. A strong positive correlation (coefficient of correlation r = 0.98) was observed between LD 50 of in vitro Effect of sanguinarine and coptisine on DNA integrity (double-strand DNA breaks) measured by DNA comet assay at neutral pH (see Fig. 4 ). 1 -control; 2 -sanguinarine (0.5 μg/ml); 3 -sanguinarine (1 μg/ml); 4 -sanguinarine (2 μg/ml); 5 -coptisine (10 μg/ml); 6 -coptisine (20 μg/ml); 7 -coptisine (40 μg/ml). C0, C1, C2, C3, C4 -class of DNA comets. (*) P < 0,05. Fig. 7 Comparative study of DNA damaging effect of different alkaloids towards NK/Ly cells (measured by DNA comet assay at alkaline ( ) and neutral ( ) pH). 1 -control; 2 -sanguinarine 2 μg/ml; 3 -chelerythrine, 2 μg/ml; 4 -coptisine, 2 μg/ml; 5 -coptisine, 10 μg/ml; 6 -chelidonine, 2 μg/ml; 7 -chelidonine, 10 μg/ml. (*) P < 0,05. action and the DNA intercalating ability of the tested alkaloids. In addition, similar positive correlations (r=0.99) were obtained between the DNA intercalating capacity of alkaloids and their ability to induce breaks in the DNA of NK/Ly cells (Table 1) . Such values of correlation suggest that the level of cytotoxicity of distinct alkaloids is dependent on their ability to intercalate into DNA structure which, in turn, depends on the alkaloid's ability to cause DNA impairment.
We found that the number of dead NK/Ly cells appearing after alkaloid treatment, as determined by trypan blue test, was higher than the number of cells with double-strand DNA breaks. At the same time, under the effect of daunomycin and actinomycin D, an opposite pattern was observed. However, number of NK/Ly cells with single-strand DNA breaks induced by the studied alkaloids was shown to be higher than the number of trypan blue-positive NK/Ly cells. According to our data-not shown-the experimental celandine alkaloids possessed a greater capacity to cause double-strand DNA breaks in the human leukemia cell lines, Jurkat and CEM, and murine leukemia cells of L1210 line. Stiborova et al. [24] described oxidation of sanguinarine and chelerythrine by rat liver microsomes containing cytochrome P450, and found that such oxidized alkaloids can form adducts with DNA. A potential mechanism of cytochrome P450 involvement in detoxification of sanguinarine was also discussed by Vrba et al. [26] . Thus, it is suggested that chelerythrine and sanguinarine might form adducts with DNA obtained from the NK/Ly cells, and could be the reason for a reduced amount of cells with double-strand DNA breaks as detected by the DNA comet assay. However, additional studies are needed to confirm this.
The ability of the alkaloids to cause DNA breaks should lead to apoptosis. It was shown that sanguinarine induced a programmed the other type of cell death in the erythroleukemia K562 cell line by causing a significant increase in the expression of proapoptotic Bax protein and activation of caspase cascade [1, 29] . Some alkaloids were found to block the respiration processes in mitochondria [2] . We have demonstrated (in a submitted article), that the intercalating properties of specific celandine alkaloids correlated with their ability to induce dissipation of trans-membrane potential and caused alteration in the permeability of the inner mitochondrial membrane; in turn, this may have led to a release of the pro-apoptotic proteins from mitochondria to cytoplasm. Since apoptosis is know to be an energy-dependent process, we assume that some alkaloids in high concentration can block the processes of oxidative phosphorylation and ATP pro-duction, and thus can cause cell death [25] .
We detected that DNA intercalating alkaloids exhibit a narrow concentration range of their cytotoxic effect. For example, in a concentration of 1 μg/ml, sanguinarine caused an appearance of 15 % dead NK/Ly cells, while in a concentration of 2 μg/ml, about 80 % cells were killed. Coptisine was less potent in its capacity of DNA intercalation and showed a wider concentration range of its cytotoxic effect towards those cells.
Chelidonine did not possess the ability to intercalate into DNA, and it also was the less cytotoxic for the NK/Ly cells. The proposed mechanism of the chelidonine effect is similar to the action of well known anti-cancer alkaloid vinblastine [7] . It was determined that chelidonine affected tubulin polymerization and blocked cell cycle in the mitotic phase [18] . In our studies, we observed an increase in number of cells with an altered (loosed) chromatin (data not presented).
Our results showed that the DNA intercalating properties of the greater celandine alkaloids (sanguinarine, chelerythrine and coptisine) correlated with their cytotoxic activity and ability to induce breaks in DNA of murine NK/Ly lymphoma cells. The molecular mechanisms underlining the action of specific alkaloids are currently being examined, suggesting this data could be utilized in employment of the selected alkaloids for treatment a variety of related diseases.
